The DNA packaging motor of dsDNA bacterial viruses contains a head-tail connector with a channel for the genome to enter during assembly and to exit during host infection. The DNA packaging motor of bacterial virus phi29 was recently reported to use the "One-way revolving" mechanism for DNA packaging. This raises a question of how dsDNA is ejected during infection if the channel acts as a oneway inward valve. Here we report a three step conformational change of the portal channel that is common among DNA translocation motors of bacterial viruses T3, T4, SPP1, and phi29. The channels of these motors exercise three discrete steps of gating, as revealed by electrophysiological assays. The data suggest that the three step channel conformational changes occur during DNA entry process, resulting in a structural transition in preparation for DNA movement in the reverse direction during ejection.
Introduction
DNA translocation motors are ubiquitous in living systems (Guo et al., 2016) . During replication, the genome of double stranded DNA (dsDNA) viruses is packaged into a preformed protein shell, referred to as the procapsid. This process requires a powerful, ATPdriven packaging motor. In many viruses, the motor involves a pair of DNA packaging proteins: a smaller auxiliary subunit is usually a protein oligomer that comes into contact with the dsDNA, and a larger one is an ATPase protein (Guo et al., 1987) . In many dsDNA bacterial viruses and herpes viruses, the motor docks onto a structure called the portal or connector. Structural studies have shown that the portals in herpes virus and a variety of tailed bacterial viruses, such as phi29, SPP1, T4, and T3, share a similar cone-shaped dodecameric structure ( Fig. 1) , even though their primary sequences do not display any significant homology.
In bacterial virus phi29, the portal is comprised of 12 protein subunits assembled into a truncated cone structure, with a diameter of 13.8 nm and 6.6 nm at the wide and narrow ends, respectively. The interior channel is 3.6 nm at the narrowest constriction (Guasch et al., 2002) . In SPP1, the assembled channel is a 13-mer structure, and the narrowest part is 2.77 nm in diameter ( Fig. 1) (Lebedev et al., 2007; Lhuillier et al., 2009) . The T4 portal exists as a dodecameric ring that is 14 nm long with 7 nm wide, and an interior channel of $ 3 nm in diameter (Sun et al., 2015) . The T3 portal is a mixture of 12 and 13 subunits, depending on the protein expression conditions and other factors. The 12-mer version of the T3 portal is 14.9 nm in width, 8.5 nm in height and 3.7 nm in diameter for the internal channel (Valpuesta et al., 2000) .
The portal plays a critical role in genome packaging and the ejection process. During assembly, it acts as a docking point for the motor ATPase and a conduit for dsDNA entry. After DNA packaging, the portal serves as a binding site for the tail components in order to complete virion assembly. When bacterial viruses initiate infection, DNA is ejected through the coaxial channel of the portal and tail channel into the host cell. In the bacterial virus SPP1, the portal protein undergoes a concerted structural conformational change during its interaction with DNA (Chaban et al., 2015) . Recent results obtained using the membrane-embedded phi29 portal connector demonstrated that dsDNA moves in only one direction, i.e. from the external narrow end to the internal wide end, referred to as "one-way traffic" (Jing et al., 2010) . Biological data from the ATPase studies combined with single molecule studies led to the conclusion that the DNA translocation of Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/yviro bacterial virus phi29 takes place via a "Push through a one-way valve" (Zhang et al., 2012) or a "One-way revolving mechanism" in order to package DNA Guo, 2014; DeDonatis et al., 2014) . The meaning of "Push" is in accordance with the findings in T4 that indicate a compression mechanism (Ray et al., 2010; Dixit et al., 2012; Harvey, 2015) . Since the channels act like a one-way valve, an obvious question arises: how is dsDNA ejected during the course of infection if the channel is a one-way inward valve? Earlier studies demonstrated that the portal exercises conformational changes during the respective DNA packaging and ejection processes. For example, in the phi29 portal, conformational changes are inducible by DNA, pRNA or divalent metal ions (Geng et al., 2013; Urbaneja et al., 1994; Tolley, Stonehouse, 2008) . It was also reported that the channel loop of phi29 DNA packaging motor plays an important function near the end of packaging to retain the DNA (Grimes et al., 2011) . Cryo-EM imaging also revealed conformational changes of the connector in infectious virion in comparison with the free connector in vitro (Tang et al., 2008) . However, none of these studies have yet shown conformational changes at the single molecule level.
Nanopore-based single molecule detection has attracted considerable attention across a number of disciplines due to its versatility of application. Examples include the detection of small molecules of chemicals, nucleotides, drugs and enantiomers, as well as larger polymers such as PEG, polypeptides, RNA and DNA. One novel application was the insertion of the phi29 portal into an artificial membrane in order to serve as a robust nanopore (Wendell et al., 2009 ) for single molecule detection and disease diagnosis . The phi29 portal channel displays voltage-induced channel gating as well as a oneway traffic for dsDNA translocation during the course of DNA packaging (Geng et al., 2011; Jing et al., 2010; Fang et al., 2012) . It has been reported that interaction of ligand with the C-terminal of the connector leads to conformational changes in the phi29 connector channel, resulting in an altered current signal that has been utilized for detecting single antibodies as a very sensitive method for disease diagnosis ). Here we report that the discrete conformational changes in the channel are common in bacterial viruses T3, T4, SPP1 and phi29. These observations support the idea that the one-way inbound channel is transformed into an outbound channel in preparation for DNA ejection (Hu et al., 2013) .
Materials and methods

Materials and reagents
The phospholipid, 1,2-diphytanoyl-sn glycerol-3-phosphocholine (DPhPC) (Avanti Polar Lipids), n-Decane (Fisher), chloroform (TEDIA) were used as instructed by the vendors. If not specified, other reagents were purchased from Sigma. His binding buffer: 15% glycerol, 0.5 M NaCl, 5 mM Imidazole, 10 mM ATP, 50 mM Tris-Cl, pH 8.0. His washing buffer: 15% glycerol, 500 mM NaCl, 50 mM 
Imidazole, 10 mM ATP, 50 mM Tris-HCl, pH 8.0. His elution buffer: 15% glycerol, 500 mM NaCl, 500 mM Imidazole, 50 mM ATP, 50 mM Tris-Cl, pH 8.0.
Expression and purification of phi29, SPP1, T3, and T4 portals
The expression and purification of the phi29 portal followed the procedure reported previously (Haque et al., 2013a; Wendell et al., 2009) . Gene 6 encoding for SPP1 portal protein gp6 and gene 8 encoding for T3 portal protein gp8 were synthesized (Genescript) and then cloned separately into pET3c vector between the NdeI and BamHI sites. A 6 Â His-tag was inserted at the C-terminus for purification. The resulting plasmids harboring gene 6 or gene 8 were transformed separately into E. Coli BL21(DE3), and a single colony was cultured in 10 mL Luria-Bertani (LB) medium overnight at 37°C. The culture was transferred to 1 L of fresh LB medium, and 0.5 mM IPTG was added to induce protein expression after the OD 600 reached 0.5-0.6. After 3 h, cells were collected by centrifugation at 6000 Â rpm for 15 min, and the pellet was resuspended in His Binding Buffer. Bacteria were lysed by passing through a French press, and the clear supernatant was collected after centrifugation at 12,000 Â rpm for 20 min and then loaded onto a HisBind s Resin Column. SPP1 or T3 portal protein was eluted from the HisBind s Resin Column with His Elution buffer after several rounds of washing. Gene 20 encoding for the T4 portal protein gp20 was amplified from the T4 genome and cloned into pET3c at the NdeI and BamHI sites (Keyclone). A 6 Â His-tag was introduced at the C-terminus for purification. Due to its hydrophobicity, T4 portal had a tendency to easily aggregate. Protein expression and purification methods were therefore modified (Quinten and Kuhn, 2012) . Plasmid pET3c harboring gene 20 was transformed into E.Coli HMS174(DE3), and a single colony was cultured in 10 ml LB medium overnight at 37°C. The culture was transferred to 1 L of fresh LB medium and cultured until OD 600 reached 0.5-0.6. IPTG (0.5 mM final concentration) was then added to induce T4 portal protein expression. The culture was transferred to 18°C and incubation continued overnight. Cells were harvested by centrifugation at 6000 Â rpm for 15 min and resuspended in His binding buffer. Cells were lysed by passing through a French press. The cell pellet was collected after centrifugation at 12,000 Â rpm for 20 min and resuspended in His binding buffer containing 1% NLauroylsarcosine for 20 min. The supernatant was collected after centrifugation at 12,000 Â rpm for 1 h, and loaded to HisBind s Resin Column, and eluted after several rounds of washing. The purity of all final protein products was verified by 10% SDS-PAGE gel.
Preparation of liposomes containing the phi29, SPP1, T4 and T3 portals
All portal/liposome complexes were prepared following our reported procedures (Wendell et al., 2009; Haque et al., 2013a) . Briefly, 0.5 mL of 1 mg/mL DPhPC in chloroform was added to a round bottom flask and the chloroform was evaporated under vacuum using a Rotary Evaporator (Buchi). The dried lipid film was rehydrated with 0.5 mL of portal protein solution containing 250 mM sucrose. Unilamellar lipid vesicles were obtained by extruding the lipid suspension through a 400 nm polycarbonate membrane filter (Avanti Polar Lipids).
Portal insertion into planar lipid bilayer
Procedures for inserting the portal connector into a lipid bilayer have been reported previously (Cai et al., 2008; Haque et al., 2013a; Wendell et al., 2009 ). Briefly, a thin Teflon partition with an aperture of 200 μm was used to separate the Bilayer Lipid Membrane (BLM) chamber into cis-and trans-compartments. The aperture was pre-painted with 5% (wt/vol) DPhPC in hexane solution. The cis and trans-chambers were filled with conducting buffer, 1 M KCl, 5 mM HEPES, pH 7.8. Then 20% (wt/vol) DPhPC in decane solution was used to form a planar lipid bilayer. After confirming the formation of the lipid bilayer, the portal/liposome complexes were added to the cis-chamber to fuse with the planar lipid bilayer to form the membrane embedded nanopore.
Electrophysiological measurements
The stochastic nanopore sensing technique is based on the principle of the classical Coulter Counter or the 'resistive-pulse' technique (Coulter, 1953) . The portal is located in an electrochemical chamber, which is separated into two compartments filled with conducting buffers. Under an applied voltage, ions passing through the portal channel will generate current in picoAmpere (pA) scale (Haque et al., 2013b) . When a charged molecule passes through the channel, it will generate transient current blockages due to volumetric exclusion of ions from the pore. Various parameters, such as the event dwell time, current amplitude, and unique electrical signature of the current blockages can be used either individually or in combination for detection.
A pair of Ag/AgCl electrodes inserted into both compartments was used to measure the current traces across the BLM. The current trace was recorded using an Axopatch 200B patch clamp amplifier coupled with the BLM workstation (Warner Instruments) or the Axon DigiData 1440 A analog-digital converter (Axon Instruments). All voltages reported were those of the transcompartment. Data was low band-pass filtered at a frequency of 5 kHz or 1 kHz and acquired at a sampling frequency of 2-20 KHz. PClamp 9.1 software (Axon Instruments) was used to collect the data, and Origin Pro 8.0 was used for data analysis.
Results
Cloning, expression and purification of the portals of phi29, SPP1, T4 and T3
Following the strategy previously used for the purification of phi29 portal (Cai et al., 2008; Haque et al., 2013a; Wendell et al., 2009 ), a 6 Â glycine linker was introduced between the portal coding sequence and 6 Â His-tag to provide end flexibility. Both SPP1 and T3 portals were soluble in the cytoplasm of E. Coli. The T4 portal showed a strong tendency to aggregate due to its hydrophobic nature. Therefore, 1% N-Lauroylsarcosine surfactant was added to the purification buffer to solubilize the protein (Quinten and Kuhn 2012) . After purification to homogeneity, proteins were analyzed by 10% SDS-PAGE. The single protein subunit of the phi29, SPP1, T4 and T3 portals corresponded to their predicted sizes of 36 kDa, 56 kDa, 60 kDa and 59 kDa, respectively (Supp. Fig. 1 ).
Insertion of portal channels into lipid membrane for determining channel size using conductance measurements
To incorporate phi29, SPP1, T4 and T3 portal proteins into a planar lipid bilayer, we adopted a two-step procedure described previously (Wendell et al., 2009 ): reconstitution of the portal in liposomes, followed by fusion of protein/liposomes with the planar lipid bilayer to form the membrane-embedded portal channel. Experiments were carried out using 1 M KCl, 5 mM HEPES, pH 7.8 conduction buffer and 50 mV applied potential. Each current jump represented the insertion of one channel into the lipid bilayer. Since the fusion of the portal protein/liposome with the planar lipid bilayer is a random event, the time between independent insertion events varies. Fig. 2A-D provides representative results for the portals of the four phages. The channel conductance (derived from the ratio of measured current jump to the applied voltage) of phi29, SPP1 and T4 was determined to be 4.52 70.33 nS, 4.10 70.22 nS, and 3.03 70.37 nS, respectively (Fig. 2E-G) . T3 conductance distribution appeared as two peaks: 2.65 70.31 nS and 3.90 70.38 nS (Fig. 2H) . The conductance values correspond to the respective pore sizes of phi29, SPP1, T3 and T4 portal channels (Fig. 2) .
Under a scanning voltage (-50 mV to þ50 mV; 2.2 mV/s), the phi29, SPP1, T4 and T3 portal channels all display a linear CurrentVoltage (I-V) relationship without voltage gating (Fig. 2I-L) . When 100 mV was applied, the phi29, T4 and T3 portal channels remained stable, but the SPP1 portal channel started to gate (data not shown). In addition, the SPP1 portal channel had a stronger tendency to close the gate under negative voltages compared to positive potentials (data not shown).
3.3. Three step gating of phi29, SPP1, T4 and T3 portal channels When a higher voltage ( 4100 mV) was applied, three distinct steps of conformational changes of the channel were observed in all four portal channels. Conformational changes were reflected by a reduction in electrical current of 33%, 66% and 99% for the first, second, and third step, respectively (Fig. 3) . Three discrete step gating of the phi29, SPP1, T4 and T3 portal channels were observed under an applied positive voltage of þ150 mV, þ150 mV,þ170 mV and þ 150 mV, respectively (Fig. 3A-D) . Similar phenomena were observed under negative voltages of À 125 mV, À 100 mV, À175 mV and À 125 mV for the four portals, respectively (Fig. 3E-H) . These are the minimum voltages required for channel gating.
Discussion
The polymorphism of portal complexes assembled from overexpressed genes of bacterial viruses has been reported for many years. Although it is believed that the T4 and SPP1 portals exist as dodecamers in their biologically active state, the stoichiometry of the overexpressed portal gene products in different bacterial viruses has been reported to vary from 11-mer to 14-mer (Cingolani et al., 2002; Dube et al., 1993; Trus et al., 2004; Camacho et al., 2003; Tsuprun et al., 1994) . Several studies revealed that the T3 portal structure is a mixed population of 12 and 13 subunits (Valpuesta et al., 2000) . The diverse distribution of conductance for phi29, SPP1, T4, and T3 portals might represent various oligomeric states in these portal complexes. This is reflected by the two major peaks observed in the T3 conductance distribution (Fig. 2H) .
It has been shown that all portal channels of dsDNA bacterial viruses display a left-handed channel wall configuration to facilitate the one-way traffic of dsDNA into procapsid by a revolving mechanism without rotation (Jing et al., 2010; Zhao et al., 2013; Schwartz et al., 2013; De-Donatis et al., 2014) . The one-way valve mechanism is consistent with the findings of genome gating in SPP1, although the gating mechanism proposed by these authors is based on the analysis of the channel structure after the completion of DNA packaging instead of during translocation (Chaban et al., 2015) . The finding of the "push through a one-way valve" mechanism (Guo et al., 2016; Zhang et al., 2012) raises the question of how dsDNA is ejected during infection if the channel only permits dsDNA to translocate in one direction. We believe that during dsDNA translocation, the interaction of the dsDNA with the channel wall and the procapsid component next to the portal will trigger conformational changes of the portal. Therefore, the lefthanded portal channel, which facilitates dsDNA advancement in one direction, will transition to a neutral or right-handed configuration in three steps to facilitate DNA ejection after DNA packaging is complete (De-Donatis et al., 2014). Such conformational changes of portal proteins, as proposed above for ejection of the packaged dsDNA, have previously been proposed (Tang et al., 2008; Geng et al., 2011; Guo et al., 2005) . Portal gate closing has been reported in SPP1 (Orlova et al., 2003) and speculated in T4 (Sun et al., 2015) . Moreover, it was reported that SPP1 portal undergoes a concerted reorganization of the structural elements of its central channel during interaction with DNA. Structural rearrangements and gate closing were reported to associate with protein-protein and protein-DNA interactions, and a diaphragm-like mechanism for channel reduction and gate closing has been proposed (Chaban et al., 2015) . The changes with discrete steps might be considered as the analogy of a camera lens by suggesting discrete f-stops, like f4.5, f8, f16, f32. However, the diaphragm proposal is difficult to reconcile with the data implying a right-handed twisting of the connector structure while comparing the free connector with the structure of the connector in the DNA-filled virion (Tang et al., 2008) . The finding of the common discrete 3-step conformational change in T3, T4, SPP1 and phi29 implies a universal property of all portals. It is possible that the three gating steps may also correspond to the quantized steps of partial genome ejection observed in T3 (Serwer et al., 2014) and the partial packaging intermediates observed in phi29 (Bjornsti et al., 1983) .
Conclusions
The motor channel of bacterial viruses T3, SPP1, T4, and phi29 all display three discrete steps of voltage gating resulting from channel conformational changes. The result suggests that the one way inbound channel during the DNA packaging process is transformed into an outbound channel prepared for DNA ejection during the host infection.
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